Datura innoxia cells from suspension cultures were selected for their ability to grow and divide rapidly in normally lethal concentrations of cadmium. Cells resistant to 12.5, 25, 50, 100, 160, 200, and 250 micromolar cadmium chloride were isolated and utilized to initiate cell suspension cultures resistant to this toxic metal ion. Variant cell lines retained their ability to grow in cadmium after being grown in its absence for more than 400 generations. Resistance to cadmium was correlated with the synthesis of low molecular weight, cysteine-rich, cadium-binding proteins. Synthesis of these proteins was induced rapidly in cadmium-resistant cells in response to a challenge of cadmium. Induction was detectable within one hour after exposure of the cells to the metal ion. Accumulation of protein bound cadmium reached a maximum eight to twelve hours following exposure. Metal-binding proteins were not detectable in the cadmium sensitive D. innoxia cells from which resistant cells were derived.
Industrial, mining, and sewage disposal operations have resulted in the contamination of certain soils with Cd, one of several heavy metals which have been identified as environmental contaminants potentially harmful to human health (10) . Plants grown in such soils can accumulate Cd, subject to both genetic characteristics (9, 21) and soil edaphic factors such as pH, cation exchange capacity, and concentrations of Cd and competing ions (5) . Accumulation of Cd in plants has been shown to affect a number of different metabolic activities in plants (2, 13, 19, 27 ), yet selection of plants for their ability to grow on normally toxic concentrations of this ion is possible (16) . However, little is known of the molecular mechanisms concerned with either toxicity or tolerance in higher plants.
Low mol wt, soluble proteins, called Cd-thioneins or metallothioneins, have been studied extensively in animals and are thought to function as scavengers of Cd and other group IIB toxic ions (7, 24) . Several groups have recently reported the existence of similar, small mol wt soluble Cd-binding proteins in plant species suggesting that they might play a similar role in higher plants (1, 22, 28) . The presence of metal binding proteins in plants, however, has not as yet been established as conferring resistance to normally toxic levels of cadmium.
We describe here the selection of plant cells from suspension cultures of Datura innoxia which are capable of rapid growth ' Cell Extraction and Gel Filtration of Extracts. Cells were removed from the medium by centrifugation at 800g for 3 min prior to being resuspended and washed three times (except for accumulation studies, where five washes were employed) in ice cold buffer containing 10 mm Tris-HCl, pH 7.4, 10 mm KCI, 1.5 mM MgCl2,and 20 mm 2-mercaptoethanol. The final cell pellet was resuspended in 5 ml of this buffer, and disrupted by homogenization in an Elvehjem Tissue Grinder with a Teflon pestle. A 100-Ml sample of the resulting homogenate was assayed for radioactive Cd content and the remainder was centrifuged for 20 min at 7,000g at 4°C. The supernatant was collected, its volume determined, and an aliquot assayed for radioactivity. Assays of radioactive samples were by scintillation spectrometry after addition of Formula 963 Aqueous Counting Cocktail (New England Nuclear). Soluble extracts of cells were subjected to gel filtration on columns (2.2 x 100 cm) of Sephadex G-50 (fine) (Pharmacia Fine Chemicals). Prior to use, the columns were equilibrated at ambient temperature with the elution buffer containing 50 mM Tris-HCI, pH 7.8 and 0.02% (w/v) NaN3. Fractions (7-8 ml) were collected, volumes determined, and A at 280 nm measured with a Perkin-Elmer model 552 spectrophotometer. Radioactivity was determined by assaying l-ml aliquots of each fraction by scintillation spectrometry. Because D. innoxia cells, like other plant cell suspension cultures, grow in clumps of 10 to 20 cells, after selection of each resistant cell line by a stepwise increase in Cd concentration, cells from the resistant cultures were converted to protoplasts by enzymic digestion and individual protoplasts were utilized to initiate new suspension cultures. The resistant cell lines described here were each derived from an individual protoplast, thus eliminating the chance that a suspension culture was derived from a chimera, a cell clump composed partially of resistant and partially of sensitive cells. Therefore, the mechanism of Cd resistance should be identical for all cells within a given population.
The resistant cells described have been grown in the absence Figure lB demonstrates that, after such growth, cells are still resistant to the maximum concentration of Cd on which they were originally selected. This suggests that the frequency of reversion from resistance to sensitivity is quite low since such revertants should be detectable following growth for long periods of time in the absence of selective pressure. This demonstrates that the Cd resistance phenotype is stable, regardless of the mechanism by which the resistance might be conferred upon the cells.
Different selected cell suspension cultures are resistant to different maximum concentrations of Cd. While D. innoxiaCd'50 cells are resistant to 50 uM Cd (Fig. I B , peak 0, Fig. 3C ) and with a 2-mercaptoethanol:Cd complex (14) (peak 3, Fig. 3C ). The G-50 gel filtration profile of extracts from Cd-sensitive and Cd-resistant cells grown for 24 (Fig. 3, B and D). Most of the [('Cd] (61.2%) in extracts from sensitive cells was associated with proteins with mol wt greater than 10,000 D (Fig. 3B, void volume, peak 0) (Fig. 4B) . However, it required 60 to 90 min of Cd exposure before complexes of the appropriate chromatographic behavior could be identified (Fig. 4, C and D (---) and OD2w (-). Peaks 0, 1, 2, and 3 refer to the void volume (complexes greater than 10,000 D), the two peaks of Cd-binding activity, and the putative cadmium:2-mercaptoethanol complex (14) , respectively.
When Cd-resistant cells were grown in 2.5 uM CdCl2 for 24 h, two apparent low mol wt Cd-binding complexes could be found in their extracts following gel filtration on columns of Sephadex G-50 (Fig. 3D, peaks I and 2 ). The Cd in these two peaks represented 77% of the total Cd in the soluble fraction of these cells. The same two gel filtration peaks of Cd-binding activity can be identified in extracts of Cd-resistant cells grown in the presence of 50 uM Cd (data not shown). These Cd-binding molecules were (Fig. 5B) or of resistant cells grown for long periods of time in the absence of Cd (Fig. 5A) . Cd-induced proteins of resistant cells were examined for their ability to bind copper. Only one dominant Cd-induced, copperbinding peak, corresponding to the Cd-binding activity of peak 1, Figure 3D was observed in the gel filtration profiles of extracts from Cd-induced cells (Fig. 6A) . Fractions corresponding to peak 2 of Figure 3D displayed very little copper-binding activity. This differential binding ofcopper provides additional support for the hypothesis that two distinct proteins are synthesized by resistant cells. However, the alternative hypothesis that the two gel filtration peaks of Cd-binding activity are due to two different conformations of the same protein or of a protein complex cannot, as yet, be discarded.
The ability of the Cd-induced proteins to bind Cd tightly relative to other components of the soluble cellular fraction was examined. An extract from Cd-sensitive cells grown in the presence of sublethal concentrations of ['"Cd] was divided into two equal portions. One portion was fractionated by gel filtration and the proportion of ['0Cd] in the different fractions was determined (Table I) . Before gel filtration, the other portion was incubated with an extract obtained from resistant cells induced to synthesize Cd-binding proteins by growth of the cells in unlabeled 2.5 uM Cd. The data in Table I demonstrate that (12, 20) . It has been demonstrated that resistance in these mammalian cells is sometimes but not always associated with amplification of the genes responsible for the synthesis of Cd-binding proteins (3, 4, 20, 23) . We are currently investigating the different possible mechanisms which might be responsible for the Cd-resistant phenotype in these plant cells.
